Deep ultraviolet ͑DUV͒ avalanche photodetectors ͑APDs͒ based on an AlN / n-SiC Schottky diode structure have been demonstrated. The device with a mesa diameter of ϳ100 m exhibits a gain of 1200 at a reverse bias voltage of −250 V or a field of about 3 MV/ cm. The cut-off and peak responsivity wavelengths of these APDs were 210 and 200 nm, respectively. This is the highest optical gain and shortest cut-off wavelength achieved for III-nitride based DUV APDs. It was also observed that the reverse breakdown voltage increases with decreasing device size, which suggests that the device performance is limited by the presence of dislocations. The breakdown voltage for dislocation-free AlN was deduced to be about 4.1 MV/ cm. 6, 7 It was shown that AlN based photodetectors possess an extremely low dark ͑leakage͒ current with a detectivity that is comparable to that of photomultiplier tubes ͑PMTs͒.
Deep ultraviolet ͑DUV͒ avalanche photodetectors ͑APDs͒ based on an AlN / n-SiC Schottky diode structure have been demonstrated. The device with a mesa diameter of ϳ100 m exhibits a gain of 1200 at a reverse bias voltage of −250 V or a field of about 3 MV/ cm. The cut-off and peak responsivity wavelengths of these APDs were 210 and 200 nm, respectively. This is the highest optical gain and shortest cut-off wavelength achieved for III-nitride based DUV APDs. It was also observed that the reverse breakdown voltage increases with decreasing device size, which suggests that the device performance is limited by the presence of dislocations. The breakdown voltage for dislocation-free AlN was deduced to be about 4 AlN has attracted tremendous interest as a material for deep ultraviolet ͑DUV͒ optoelectronic devices because of its ultrahigh direct bandgap. Recent advances in epitaxial growth techniques have made it possible to grow high quality AlN epilayers on different substrates.
1-4 A few active DUV devices based on pure AlN have also been demonstrated, including 210 nm light emitting diodes 5 and 200 nm photodetectors. 6, 7 It was shown that AlN based photodetectors possess an extremely low dark ͑leakage͒ current with a detectivity that is comparable to that of photomultiplier tubes ͑PMTs͒.
7 Due to the intrinsic solar blindness, radiation hardness and high temperature stability, AlN based DUV detectors have applications in many areas of science and technology including secure space communication, hazardous chemical and biological agent detection, and UV radiation monitoring in environment and flame sensing. Furthermore, the outstanding optoelectronic and mechanical properties make AlN a promising candidate for developing detectors operating down to extreme UV region with excellent responsivity where Si based technology have reached their limits.
The highly matured existing PMT technology offers very high sensitivity, low dark current, and internal photocurrent gain greater than 10 6 for radiation detection applications. However, PMTs are bulky, fragile, require high bias voltage ͑Ͼ1000 V͒, cooling hardware and expensive filters, and are sensitive to magnetic fields. AlGaN based intrinsic solar blind solid state detectors with high internal photocurrent gain can overcome many shortcomings of PMTs by offering compactness, high sensitivity, moderate bias, and ability for chip-level integration with other optoelectronic devices. Many researchers have already demonstrated AlGaN based MSM, Schottky, and p-i-n photodiodes with excellent performances for DUV detection applications. [8] [9] [10] [11] [12] [13] [14] [15] [16] However, there are only a few reports on AlGaN based avalanche photodiodes ͑APDs͒ with reasonable internal photocurrent gain utilizing either p-i-n or Schottky device structures. [17] [18] [19] [20] The shortest cut-off wavelength reported so far is 276 nm for Al x Ga 1−x N ͑x = 0.4͒ based APDs. 17, 18 Most of the earlier reported AlGaN based APDs are more close to lateral charge transport devices in which surface defect charge and electric field crowding at electrode edges can degrade the device performance. 21, 22 True vertical AlGaN based APDs have not been reported so far. High quality interface and better lattice match ͑mismatch Ͻ1%͒ between AlN and SiC ͑Refs. 23 and 24͒ together with the conductive nature SiC substrate provide the feasibility to build vertical conducting AlN/ n-SiC DUV APDs. In these devices, under a high reverse bias, the high electric field across the AlN epilayer accelerates the charge carriers in the vertical direction, during which the charge carriers gain sufficient kinetic energy leading to impact ionization. In this letter, we report on the growth, fabrication, and characterization of vertical conducting AlN Schottky APDs with a large linear mode photocurrent gain.
The layer structure of our DUV APDs consists of an AlN epilayer grown on n-SiC substrate. AlN epilayers of about 0.9 m were grown on n-type 4H-SiC substrates by metalorganic chemical-vapor deposition. The device fabrication starts with the deposition of Ohmic contact on the SiC substrate side by e-beam evaporating a Ni ͑200 nm͒ / Au ͑50 nm͒ bilayer, followed by 950°C annealing for 60 s in N 2 . Schottky contact area was defined by evaporating a 6 nm thick Pt layer followed by photolithography and lift-off. Then, a 100 nm SiO 2 passivation layer was deposited by plasma-enhanced chemical-vapor deposition. Schottky bonding pads were formed by evaporating a Ni ͑40 nm͒ / Au ͑160 nm͒ bilayer after opening window on SiO 2 passivation layer using photolithography and selective area wet etching of SiO 2 . The fabricated devices were 100, 50, and 30 m in diameters. Finally, devices were bonded in ten pin ceramic flat pack for characterization. Figure 1 shows the schematic layer structure and scanning electron microscopy ͑SEM͒ image of a fabricated AlN APDs. The top undoped AlN epilayer serves simultaneously as the light absorption and carrier multiplication layer proving a cut-off wavelength of c = 210 nm, which corresponds to the room temperature band-edge absorption of 5.96 eV of AlN. 17, 18 We also estimated the critical field to initiate impact ionization in AlN using the relation E = V d / , where is the electron mobility and V d is the drift velocity, which is given by 25 
, where E g and m e are the band-gap energy and electron effective mass of AlN, respectively. With E g = 6.1 eV, m e = 0.48m 0 , and = 135 cm 2 / V s ͑Refs. 26 and 27͒, the critical electric field is about 1.9 MV/ cm, which agrees very well with our experimentally observed value of 2 MV/ cm.
From the I-V curves measured under dark and DUV illumination, photocurrent multiplication or gain ͑M ph ͒ as a function of V b can be calculated according to 18 Furthermore, we have measured I d at different temperatures and observed that I d was temperature dependent, which suggests that the gain mechanism is not related to Zener tunneling. 17 Therefore, the linear mode photocurrent gain observed in our devices is related to the soft avalanche multiplication of carriers due to impact ionization. The results are believed to be related to the better quality of AlN compared to AlGaN alloys, in which alloy scattering reduces carrier mobility. 28 The critical electric field for the onset avalanche is inversely proportional to carrier mobility for a given drift velocity. It may be also related to the advantages of vertical conducting devices, where surface defect charge and carrier scattering by charged dislocations have less severe effects on the device performance. Moreover, the ratio of I ph to I d is more than four order of magnitude up to V b = −100 V.
We have also studied the variation of V B with the device size for these photodetectors. The reverse I-V characteristics for d = 100, 50, and 30 m devices are shown in Fig. 4 , which clearly indicate that the breakdown voltage increases with decreasing the device size. This is a direct consequence of the presence of threading dislocations in the device, because the breakdown voltage should be device size independent if the material is defect-free. This point is further elucidated in Fig. 5 , which clearly demonstrates that V B increases almost linearly with decreasing device area ͓A=͑d 2 / 4͔͒. Since the number of dislocations increases linearly with the device area, the behavior shown in Fig. 5 is related only with the presence of threading dislocations. The result thus suggests that the device performance can be further improved by improving material quality through dislocation reduction and device size and geometry optimization. The breakdown field of dislocation-free AlN epilayers can be obtained by extrapolating V B to A = 0, which is about 4.1 MV/ cm.
In summary, we have demonstrated the linear mode operation of AlN based APDs which possess the shortest cutoff wavelength of 210 nm. The photocurrent multiplication reached a value of 1200 under −250 V ͑E b = 2.8 MV/ cm͒ reverse bias. Also, the device size dependent breakdown field suggests that Geiger mode operation could be achieved by further reducing the dislocation density and optimizing device size and geometry. These results further demonstrate that AlN is an excellent active DUV material for future DUV optoelectronic device applications. This research is supported by DARPA and monitored by Dr. Henryk Temkin. 
